Mes = 2,4,6-trimethylphenyl Xyl = 2,6-dimethylphenyl
Abstract.
This review aims to offer a detailed summary of the discoveries regarding nonheteroatom-substituted alkylidenes of the groups 10 and 11 metals that have appeared in the literature since the first representative of this class was reported in 2002. Special attention is focused on synthetic and bonding aspects of well-defined species. The importance of this family of compounds in catalytic organic transformations is often mentioned and a number of references are provided. We stress, however, that it is not the main issue of this review, as this topic has received considerable attention in the current literature.
Introduction and Scope.
Transition metal complexes with carbene ligands have expanded over the years to constitute one of the most important families of organometallic compounds. Since the development of N-heterocyclic carbenes (NHCs) 1 , and more recently of the also highly versatile cyclic(alkyl)(amino)carbenes (CAACs) 2 , carbenes have been employed as ancillary ligands to provide thermodynamic and kinetic stability to countless transition metal complexes and reaction intermediates. These carbenes have become indispensable partners of d transition elements and main group metals alike, and perform an invaluable function in homogeneous catalysis.
1,2
Notwithstanding the importance of carbenes as spectator ligands, the vital role that transition metal carbenes play in modern chemistry rests largely on the extraordinarily rich and diverse reactivity of the M=C bond, that allows their successful applications in diverse organic transformations whose importance cannot be overstated, not least in homogeneous catalytic olefin metathesis. [3] [4] [5] [6] [7] [8] [9] [10] The explosive growth of the field has naturally given rise to extensive literature coverage. A comprehensive annual survey on the progress of metal-carbene chemistry is provided by Herndon in this Journal, with the latest, covering the year 2015, appearing in the second half of 2016. 11 In this article we concentrate on carbenes of late transition metals. Complexes of Fe, Ru and Os with carbene ligands have been known for several decades. Similarly, a variety of carbene complexes of Group 9 elements have attracted considerable attention. In particular, we and other researchers have described a number of complexes of Ir(III) with carbenes of both the :CRR' and :CRX types (X = heteroatom substituent). 12-15 Accordingly, as detailed later, the aim of this review is to offer a concise summary of complexes of groups 10 and 11 metals with carbene ligands devoid of heteroatoms.
Before we discuss this chemistry in due detail, a word is perhaps necessary on the terminology we use in this review. The comments we will make in this regard will smoothly lead us to some, necessarily brief, considerations on the reactivity modes exhibited by the metal-carbene bond and on the bonding models supporting this chemistry.
The terms "carbene" and "alkylidene" are often used as synonymous by coordination and organometallic chemists. Even though both indicate an organic fragment that binds to a metal centre through a divalent 6-electron carbon atom, :C(R)R', this causes confusion and creates ambiguity. The origin of the above terms is as follows.
In 1964, Fischer and Maasböl prepared the first transition metal carbene, 16a the tungsten complex W(C(OMe)Me)(CO)5, that was soon followed by other related compounds. 16b,c These complexes are 18-electron species in low oxidation states. They are reasonably stable and feature heteroatoms at the carbene atom, which generally exhibits electrophilic reactivity. Only four years later, Öfele reported a surprisingly stable chromium complex containing also a Cr(CO)5 fragment, but bound to a cyclopropylidene unit, i.e. a carbene ligand with no heteroatom. 17 Subsequently,
Schrock discovered a new class of metal carbenes, exemplified by the 10-electron species Ta(CHCMe3)(CH2CMe3)3. In the series of complexes made by Schrock and coworkers, 18 an early transition metal in high oxidation state, with 10 to 16 valence electrons, is bonded to a nucleophilic carbene carrying C or H substituents at the carbon atom. It soon became customary to name the two classes of metal carbenes as Fischer and Schrock carbenes, respectively.
In the following years many compounds of general formula LnM=CRR', where R and R' are H, alkyl or aryl, were prepared and named alkylidenes as derivatives of alkyls, 19 regardless of their nucleophilic or electrophilic reactivity. In this way, it became common practice to use the term "alkylidene" when referring to complexes with H, alkyl or aryl substituents on the carbon, and "carbene" to refer to species with one or two heteroatom substituents. 20a But this was not uniformly accepted by researchers in the field. Many, utilized carbene and alkylidene for Fischer and Schrock complexes, respectively, whereas others employed only carbene, or only alkylidene, for all metal carbenes, or even used the two terms interchangeably. The nomenclature committee of the IUPAC recommended that carbene should be reserved for describing the free ligand, naming all transition metal complexes of carbenes as substituted alkylidenes. 21 As it is evident nowadays, these recommendations have not been standard practice among transition metal carbene chemists. However in his recent book 22a Bochmann states that the systematic term "alkylidenes" is now applied to all types of carbenes. Moreover, the expression alkylidene complexes in low oxidation states is employed as equivalent to Hence, electron density transfer from the HOMO of the nucleophile to the carbene complex LUMO, that resides largely on C, disrupts the usually reduced  interaction found in these complexes and converts the metal-carbene bond into a metal-alkyl one.
Conversely, when the metal-carbene bond has high  character as in Schrock carbenes, electrophilic attack at the carbene carbon atom is expected, particularly when this atom is most negatively charged and when the  bonding orbital has strong carbon-p character.
20b
An alternative interpretation of carbene reactivity based on quantum-mechanic calculations was offered by Hall in 1984. 24 In this approach the electrophilic or nucleophilic reactivity of the M=C bond can be explained with the aid of different bonding schemes (Figure 1 ). Using the isolobal analogy, 18-electron metal carbenes may be viewed as arising from the bonding of singlet metal and singlet carbene fragments, i.e. from donor-acceptor  and  interactions ( Figure 1a) . 20, 22 Clearly, the resulting dative covalent bonds 25 would be akin those in M-CO linkages, such that for the singlet-bonding, donor-acceptor metal carbene scheme, electrophilic reactivity can reasonably be expected. Moreover, singlet electronic states would be favoured by strong  acceptors at the metal and by heteroatom substituents on the carbene, which increase the HOMO-LUMO gap in the carbene ligand. In contrast, nucleophilic, often electron-deficient metal carbenes, can be electronically associated with triplet electronic states of their metal and carbene building units (Figure 1b) , resulting in the formation of two normal covalent bonds, 25 The Ni-C bond was described as a double bond based on spectroscopic and structural properties, which is reasonable for a metal in a low oxidation state that receives further electron-density from the strongly -donating phosphorus atoms. In the same contribution the authors described several reactions of complex 1 (vide infra 
Nickel
Even in light of the intrinsic high reactivity of these species that makes difficult their isolation, it is quite surprising that after the Hillhouse's report of 2002 28 Further work from the same group centered on the reactions of ethylene with the carbene, imido and phosphinidene complexes (dtbpe)Ni(=X), where X represents CPh2 (i.e. complex 1), NAr, and PAr'. Transfer of the X group to C2H4 was observed, forming the respective cyclopropane, aziridine and phosphirane products. 31 In a combined theoretical and experimental study, 32 Hillhouse and Cundari In 2013 Piers and collaborators reported on strongly donating nucleophilic carbenes of Ni(II), 6a and 6b, in which the Ni=C linkage is generated by stepwise deprotonation of a Ni-methylene group (Scheme 6). 33 The cyclometallated PCP ligand that incorporates the Ni-CH or Ni=C fragments plays a key role not only in the stabilization of the carbene species but also in the activation of the E-H bond of diverse small molecules such as dihydrogen (E=H), water (E=OH), methanol (E = CH3O), ammonia (E = NH2, reversible addition) and phenylacetylene (E = PhC≡C). These reactions are fast and occur with addition of the E-H bond across the Ni=C bond, thereby constituting and interesting example of metal-ligand cooperativity. Thus, the rupture of the E-H bond generates a new Ni-E linkage and converts the sp 2 carbene carbon atom into a cyclometallated HCsp3 methyne, as in the parent alkyl-type complex.
Scheme 6. Synthesis and reactions with E-H molecules of complexes 6a and 6b.
Analogously to alkylidene 1, complexes 6 are described as Ni(II) complexes, with the carbene ligand acting as a non-innocent Schrock-type dianionic carbene.
Structural data also support this assumption. X-ray studies revealed longer Ni=C bonds than in 1 (1.908 (5) Notably, the rigidity provided by the diphosphinonaphtalene ligand in 7b
allowed for the isolation of the cationic Ni(III) carbene complex 8b, which could also be converted back into the parent neutral carbene by one-electron reduction with KC8.
Moreover, this study offers a concise description of the electronic structure of complex 7a drawn by DFT methods. The HOMO is a bonding orbital of  symmetry resulting from the combination of the dx2-y2 of the metal and the px orbital of the carbene carbon atom, while the LUMO is the antibonding orbital corresponding to the  Ni-C bond.
To best of our knowledge, beyond the few complexes discussed above no further alkylidene complexes of nickel lacking heteroatom substituents have been isolated and described. Nevertheless, species of this kind are often invoked as reaction intermediates in catalytic and stoichiometric transformations. For instance Chen proposed in 2015 the formation of a Ni=CH2 fragment in the cyclopropanation of alkenes catalyzed by Ni(II), by using the in situ generated lithiomethyl trimethylammonium triflate as the methylene source. 36 Besides, Louie and collaborators prepared a series of Ni(II) ketene complexes stabilized by the chelating bis(diphenylphosphino)ferrocene ligand and studied their thermal decomposition by kinetic experiments and DFT calculations. 37 Although no intermediates were detected, the authors proposed that the decarbonylation reaction, that eventually produces an alkene and a Ni(0) carbonyl complex, implies the rupture of the C=CO double bond of the coordinated ketene with subsequent formation of a Ni alkylidene (Scheme 8). To conclude this section, it is worth remarking that some 15 years after the discovery of the first non-heteroatom substituted nickel alkylidene, the number of complexes of this type is unquestionably exiguous, evincing that nickel complexes with carbene ligands void of heteroatoms remain highly elusive species. Nonetheless, highly attractive observations made in the last years, such as the reversible addition of ammonia to the Ni=C bond (see Scheme 6) and the also reversible one-electron processes of Scheme 7, will likely stimulate further studies in this attractive area of research.
Palladium
As for the analogous species of its lighter congener, non-heteroatom stabilized palladium alkylidenes are very rare compounds and, since the first complex reported by compounds derived from quinolinone and quinolinium fragments. 38 As shown in Scheme 9, the carbene carbon atom of these complexes does not bear heteroatom substituents, though it is part of an aromatic system. In 2007, Ozerov and coworkers generated an electrophilic palladium(II) alkylidene, 10, using a sterically demanding PCcarbeneP pincer ligand. 39 The free ligand, described by the authors as pincer "proto-ligand" due to the presence of a PCH2P entity, was converted into a tridentate PCHP phosphine-alkyl-phosphine palladium chelate Pd di(p-tolyl)carbene complex, 11, bonded to a diphosphine ligand consisting of two i 2 termini bridged by a terphenyl linker (Scheme 11). 40 The complex was characterized in solution by NMR spectroscopy and found to feature NMR properties similar to those of the more stable platinum analogue (vide infra).
Scheme 11. Formation and decomposition of the alkylidene complex 11.
For instance, the Pd=C carbon resonates at 296.6 ppm and exhibits a 2 JCP coupling of 63
Hz (262.8 ppm and 66 Hz for the Pt analogue). At room temperature, the palladium alkylidene decomposed with cleavage of a P-aryl bond (Scheme 11) and formation of a new P-C bond involving the carbene ligand. Reactivity studies of the Pd=C bond were hampered by the instability of the complex.
Using Piers' bis[2-(disopropylphosphino)phenyl] methane parent ligand, that as already discussed permitted the isolation of an interesting nickel complex containing a strongly donating nucleophilic carbene terminus (see Scheme 6), Comanescu and Iluc generated first a square-planar (PCHalkylP)PdCl complex, which upon further dehydrohalogenation by action of KN(SiMe3)2 produced a palladium carbene (12a) with the expected nucleophilic reactivity, as evidenced by the reactions summarized in Scheme 12. 41 To emphasize this property, the authors proposed a zwitterionic representation of the Pd-carbene bond with a formal negative charge on the carbene carbon atom. X-ray data for the two complexes (PMe3 and PPh3) support single bond character for the Pd-Ccarbene bond, which was also in agreement with computational calculations.
DFT studies reveal the existence of three occupied molecular orbitals of  and  symmetry, two bonding and one antibonding, which leads to a Pd-C bond order of 1, as confirmed by NBO analysis.
The reactivity of complexes 12a and 12b with B(C6F5)3 was also explored and some similarities between frustrated Lewis pairs and the nucleophilic palladium alkylidene recognized (Scheme 13). 42 Thus, the crowded environment around the carbenic carbon atom, which would be the usual target of electrophilic attacks, led to unexpected products resulting from the activation of a C-F bond of the borane (Scheme 13, b) or the dearomatization of a phenyl ring of the ligand (Scheme 13, a). Accordingly, when R = H (12a) the accessibility of the para position (relative to the alkylidene) in combination with the enhanced electron density at the para carbon atom, resulted in the formation of the zwitterionic complex 13 with a dearomatized phenyl ring (Scheme 13, a).
Scheme 13. Reactions of the alkylidene complexes 12 with B(C6F5)3.
Conversely, when R = t Bu (12b), the carbene carbon atom is able to cleave a C-F of a C6F5 ring with formation of the ylide 14 (Scheme 13, b). It is noteworthy that the expected formation of a new C-B bond was not observed, which is to ascribe to steric reasons. The parallelism with frustrated Lewis pairs became also evident when zwitterionic complexes 13 and 14 were generated in situ in the presence of dihydrogen.
Under these conditions products resulting from H2 splitting were detected.
The reactivity of the nucleophilic palladium alkylidene containing coordinated PMe3 (PCcarbeneP)Pd (PMe3) toward C-H bonds of different acidity was also tested (Scheme 14). 43 In contrast, no observable reaction took place with diphenylmethane, which was attributed to its low Brönsted-Lowry acidity (pKa= 32.2). It was actually concluded that the observed reactivity was controlled by the pKa value, such that substrates with pKa higher than 29 do not react even after prolonged heating.
Recently, these studies on the activation of C-H bonds by the ylid-type palladium alkylidene, have been extended to other E-H bonds (E= B, Si, Ge). 44 In spite of the contrasted nucleophilicity of the carbene ligand in these complexes (Scheme 15), the regioselectivity of the formal addition of the E-H bond to the palladium-carbene bond is governed by the nature of the activated substrate and of the monodentate phosphine ligand (PMe3 or PPh3). Thus, oxidation of the PMe3, ylid-like alkylidene complex 12a with Br2, I2 or with CH2X2 (X= Cl, Br, I) allowed the isolation of stable carbene radicals, 15a (Scheme 17). 45 The new, four-coordinate complexes are monomeric and exhibit solution magnetic moments close to 1.8 B. EPR measurements revealed g-factors close to 2, in accordance with the radical formulation proposed for the carbene ligand skeleton.
Scheme 17.
Reactions of complex 12a with dihalogens and dihalomethanes yielding carbene radicals.
In addition to the paramagnetic radical complexes, the dihalomethane oxidations yielded a diamagnetic, four-coordinate Pd(0) complex (16), exhibiting a (P(C=CH2)P) diphosphine-alkene tridentate ligand, resulting from the coupling of the methylene groups of the dihalomethane with the carbene carbon of the starting palladium alkylidene (Scheme 17b). 45 Another interesting observation based on a neutral, strongly nucleophilic alkylidene complex 12b was the possibility to effect successive, reversible one-electron oxidation reduction reactions. 46 As shown in Scheme 18, a one-electron oxidation (0.5 equiv of I2) generated a stable carbene radical complex (15b) analogous to those already discussed (Scheme 17). Notice the t Bu substitution on the aryl backbone of the diphosphine-carbene ligand in the present system, which is aimed to prevent the relatively facile radical dimerization observed for the non-substituted complex analogue. 42 A second oxidation, this time promoted by Cp2Fe + , yielded the cationic, strongly electrophilic alkylidene complex 17. Before closing this section there is yet one further contribution of the Iluc group that deserves attention. 47 Metathesis of the iodide ligand of the radical alkylidene complex 15b of Scheme 19 by an amide or a benzyl group, followed by reduction with a suitable reagent, yielded unprecedented heterobimetallic palladium-potassium alkylidene complexes 18. The new compounds are diamagnetic and exhibit polymeric structures in the solid state, although they have good solubility properties in ether solvents.
Scheme 19. Unprecedented heterobimetallic palladium-potassium alkylidene complexes generated from the radical carbene 15b.
Platinum
Our reports of 2012 and 2015 on the characterization and reactivity of a cationic platinum(II) alkylidene are to the best of our knowledge the first documented studies on a well-defined platinum species of this type. 30, 48 The coordination environment of the metal centre had to be accurately designed to prevent the facile decomposition of the incipient, highly reactive carbene. The bis-platinacyles shown in Scheme 20, based on the bulky phosphines P i Pr2Xyl and PMeXyl2, were treated with a trityl salt in order to remove a hydride from the Pt-CH2 unit and form a cationic alkylidene complex. Not unexpectedly, the stereochemistry of the starting material was crucial for the success of this strategy, so that only the trans complex of Scheme 20 generated a detectable carbene complex, while the cis one decomposed to unidentified species under analogous reaction conditions.
Scheme 20. Bis-platinacycles used for the synthesis of a cationic platinum alkylidene.
All attempts aimed to isolate pure samples of the Pt(II) alkylidene failed due to decomposition, although the stability of its dichloromethane solutions at low temperature permitted to carry out an extensive investigation on its reactivity towards a variety of organic and inorganic molecules (Scheme 21). The results demonstrated its carbenic nature and its expected electrophilicity. Computational studies were also developed.
48
Scheme 21. Reactivity of the Pt(II) alkylidene complex 3.
Reactions with phosphines and pyridines occurred with C-P and C-N bond 
Group 11 metals
Growing interest in copper catalyzed cyclopropanation reactions gave in the early 2000s a strong impetus to academic investigations on group 11 metal alkylidenes. 51 To the best of our knowledge, the first report on a spectroscopically detected copper(I) non- The choice to represent complex 22 as a metal-bonded carbocation is justified by a series of spectroscopic, theoretical, and structural data, which assign negligible metalto-carbon  contribution to the silver-carbene bond. This issue will be discussed in more detail in ensuing sections.
Four research groups, independently and almost at the same time, reported in 2014 the first examples of structurally characterized gold(I) alkylidenes that lack direct heteroatom stabilization. [55] [56] [57] [58] Besides, the same year an allylic gold(I) cation was identified by NMR spectroscopy as a reaction intermediate in the rearrangement of 1-alkenyl-2-alkynylcyclopropanes. 59 In this introductory discussion on group 11 metal alkylidenes, it seems reasonable to focus only on one of these findings. Despite the fact that the oxygen atoms in the substituents of the alkylidene ligand are not directly bound to the divalent carbon atom, their role in the stabilization of the final complex is crucial. In fact, using the simple Ph2C=Cr(CO)5 as the carbene source, the reaction stopped at a bimetallic Au-Cr compound, which decomposed at room temperature. Fürstner affirms that complex 23 is to be included in the class of carbenoids, as it contains a formal positive charge and a carbon-metal bond at the same site. The double bond character in this species was suggested to be minimal based on structural data. Thus, the coplanarity of one of the anisyl rings with the Au-C linkage and the correspondingly shortened Canisyl-Ccarbene separation (ca. 1.43 Å) point to the involvement of the p orbital of the carbenic carbon atom in  interactions with the aromatic ring and not, or to a negligible extent, with the metal.
Copper
As mentioned above, pioneering work of the group of Hofmann demonstrated that isolation of stable non-heteroatom stabilized copper alkylidenes is possible. Hofmann also found that complex 24 reacts with styrene to yield the expected cyclopropane, whereas the dimeric complex 25 does not. These findings suggest that terminal alkylidenes act as :CR2 transfer agents in copper catalyzed cyclopropanation of olefins with diazocompounds, and rule out carbene-bridged dinuclear complexes as keyintermediates. In the same year, Hofmann and collaborators succeeded in the preparation of a series of stable -carbonyl Cu(I) alkylidenes of general formula (NPN)Cu=C(COOR1)(p-X-C6H4), which were subjected to kinetic, spectroscopic and structural studies. 60b For instance, measurement of the aryl group rotation barrier around the Ccarbene-Caryl axis via NMR for complexes 26 (R1 = t Bu, X = OMe), 27 (R1 = Me, X = H), 27' (R1 = t Bu, X = NO2) (Scheme 29), showed a dramatic dependence on the electronic characteristics of the para substituent (X) in the aromatic ring. Hence, the strongly p-donor OMe group raises the barrier by about 13 kJ/mol compared with a simple H, while the electron-withdrawing NO2 substituent acts in the opposite direction reducing considerably its value. Likewise, the rotation of the alkylidene unit around the Cu-C axis is hindered by the nitro group (Table 1 Moreover, reactivity experiments were performed for the terminal alkylidene 29a, as summarized in Scheme 32. Interestingly, the dinuclear carbene-bridged alkylidene can be obtained by decomposition of the monomer in aromatic solvents. 
Silver
In spite of the great number of catalytic organic transformations in which they are supposed to be implied, silver carbene complexes without heteroatom substituents remained a mere hypothesis for decades, as their intrinsic high reactivity made impossible to provide any direct experimental evidence for their formation in the condensed phase. Only very recently, 54 Straub and collaborators isolated the first representative of this class (vide supra). Moreover, they provided satisfactory solution and solid-state characterization despite the impossibility to find a clean synthetic procedure owing to the extreme reactivity and thermal instability of the compound. The structural and spectroscopic data gathered for this compound deserve some additional comments, aimed to clarify the nature of the Ag-CMes2 bond. The AgCMes2 separation is ca. 6 pm longer than the other metal-carbon bond distance (i.e. Ag-C(IPr**)), which reflects the very limited or insignificant backbonding contribution. On the other hand, the negligible resonance stabilization of the divalent carbon in complex 22 is demonstrated by the fact that the mesityl substituents of the alkylidene are twisted out of the NHC-Ag-C plane (see Figure 3) . Moreover, the 13 C NMR signals due to the Ag-CMes2 carbon appear at very high frequency (332 ppm), consistent with highly reduced metal-to-carbon backdonation. Particularly informative is the comparison between the 13 C resonances due to the two different silver-bonded carbon atoms, being the alkylidene one ca. 50 ppm down-field shifted with respect to the other. In addition, Ag-C coupling constants for silver bonded carbons reflect, accordingly to Bent's rule, the bonding situation in complex 22 and in the precursor. To the best of our knowledge, this is the only example of non-heteroatom stabilized silver alkylidene isolated, or even characterized, to date.
Gold
The interest in alkylidene complexes of gold(I) has experienced a rapid and impressive growth in the last years, driven by the great importance of a variety of Au catalyzed organic transformations. Extensive data on well-defined species in the condensed phase were anticipated by Chen and co-workers, 67 who developed a method for the gas-phase generation of gold carbenes via collision-induced dissociation of ylide precursors (Scheme 36).
68
Scheme 36. Gas-phase generation of gold alkylidenes.
Theoretical work by Toste, Goddard and co-workers 69 offers a useful tool for the estimation of the different contributions to the bonding in gold species of the general formula LAu I (CR2) depending on the carbene ligand substituents and the ligand L, with special reference to cationic phosphine complexes (Figure 4) . Interestingly, the general conclusion is that the overall bond order of gold carbenes is "generally less than or equal to one". As mentioned above, Fürstner and Seidel succeeded in the solid-state isolation of the first non-heteroarom substituted gold alkylidene (Scheme 27). 55 Some comments will be dedicated to the synthesis, structural and spectroscopic properties, and reactivity of this compound (Scheme 37). by the electron-donating methoxy group, the bond was described as a single Au-C bond. Some features of the alkylidene complex 37 deserve a brief discussion. The metal centre lies in a highly distorted trigonal-planar environment with P-Au-P angle of ca. 90º, whereas the CPh2 carbon is perfectly planar. The maximization of the  backbonding is reflected not only in the short Au-C bond distance of 1.984(4) Å, but also in the orthogonality of the two planes defined by the PAuP and CPh2 fragments.
Moreover, in accordance with the lack of stabilization of the divalent carbon atom by resonance with the phenyl rings, the two aryl groups are twisted from the carbene plane In both species the negligible resonance stabilization furnished by the mesityl rings is demonstrated by the non-coplanarity the M(IPr**) fragment and the CMes2 one.
Even though the M-C distances in the two species are almost identical within experimental error, the authors recognized a higher extent of metal-to-alkylidene  backbonding in the gold complex than in the silver one based on the differences in the M-CMes2 and M-C(IPr**) separations. In particular, they reasoned that, in agreement with Bent's rule, in the absence of M-C  backdonation, the M-C(IPr**) distance should be shorter than the M-CMes2. This fact is actually observed for silver but not for gold. 13 C NMR values for the resonances of the alkylidene carbon nuclei in the three species are correlated to the extent of carbenoid character, concluding that it increases in the order Au << Cu < Ag.
1
Comments already made on the copper(I) carbene published by Wang in 2017, apply essentially to its isostructural gold congener (34b, Scheme 34), 66 which should therefore be considered as an atypical heteroatom-stabilized alkylidene. 
Summary and Perspectives
As we attempted to demonstrate in this review, complexes of groups 10 and 11 metals with non-heteroatom stabilized carbene ligands constitute a young family of organometallic compounds characterized by varied bonding situations, intriguing reactivity, and stimulating spectroscopic and structural features. In light of the scarcity of satisfactorily characterized species existing in the literature, it appears that we are still far from a deep understanding of this class of compounds. For instance, besides the little number of stable non-heteroatom stabilized carbenes of coinage metals, their reactivity is almost unexplored with the exception of a few studies on the function they exert in catalytic cyclopropanation. In spite of the high reactivity of these compounds, recent findings demonstrate that with a suitable choice of ancillary ligands, species with fair thermal stability and therefore quite easy-to-handle can be prepared. 57 As a final remark, we strongly encourage organometallic and coordination chemists to concentrate further efforts in this research area in view of the intrinsic structural value of these complexes and not least in light of their potential interest in catalysis.
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